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Towards graded-index magnonics: Steering spin waves in magnonic networks
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Magnonics explores precessional excitations of ordered spins in magnetic materials—so-called spin waves—

and their use as information and signal carriers within networks of magnonic waveguides. Here, we demonstrate

that the nonuniformity of the internal magnetic field and magnetization inherent to magnetic structures creates a

medium of graded refractive index for propagating magnetostatic waves and can be used to steer their propagation.

The character of the nonuniformity can be tuned and potentially programmed using the applied magnetic field,

which opens exciting prospects for the field of graded-index magnonics.
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Over the past decade, magnonics (the study of spin

waves—precessional excitations of ordered spins in magnetic

materials [1]) has emerged as one of the most rapidly

growing research fields in magnetism [2,3]. Moreover, recent

advances in the understanding of fundamental properties

of spin waves in magnetic micro- and nanostructures have

highlighted magnonics as a potential rival of or complement to

semiconductor technology in the field of data communication

and processing [4]. The push for miniaturization renders

ferromagnetic transition metals and their alloys to be materials

of choice for the fabrication of spin-wave devices [5,6].

However, loss reduction, the shortening of the wavelength of

studied spin waves, and the associated miniaturization of the

implemented magnonic concepts and devices remain major

challenges in both experimental research and technological

development in magnonics [2,3].

In this Rapid Communication, we explore an approach to

meet these challenges that is based on the concept of graded-

index (or gradient-index) optics [7]. As applied to spin waves,

this concept is based on the following basic ideas. First, the

propagation of spin waves is controlled using subwavelength,

often continuously varying, magnetic nonuniformities [8,9].

This should minimize scaling of the device size with the

magnonic wavelength, in contrast to, e.g., magnonic crystal

based approaches [3], and thereby ease the associated pat-

terning resolution requirements. Indeed, nonuniform effective

magnetic field and magnetization configurations have been

shown to confine [10,11] and channel [12–15] spin waves, to

continuously modify their character [16–18], and to enable

their coupling to essentially uniform free space microwaves

[19,20]. Here, we go further by exploiting in addition the

anisotropic dispersion inherent to spin waves dominated by

the dynamic magneto-dipole field—so-called magnetostatic

spin waves [1]. The symmetry axis of the anisotropic

magnetostatic dispersion coincides with the direction of the

magnetization [21–23]. This anisotropic dispersion leads to

the formation of nondiffracting caustic spin-wave beams
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[24–30] and to anomalous spin-wave reflection, refraction, and

diffraction [31–35]. Here, we explore these ideas in networks

of magnonic waveguides [6,8,12–20,24,29,36], in which not

only the internal magnetic field and the magnetization, but

also the associated anisotropic dispersion are nonuniform

and contribute significantly to the observed switching of the

direction of spin-wave propagation. In excellent agreement

with numerical micromagnetic modeling [37], our results

of the time-resolved scanning Kerr microscopy (TRSKM)

[19,20] imaging of magnetostatic spin waves propagating

in Permalloy magnonic waveguides not only supply further

evidence of feasibility, but also uncover exciting opportunities

ahead of the “graded-index magnonics” theme.

In our experiments, we adopted the scheme of spin-wave

excitation from Refs. [19,20] [Fig. 1(a)], which could be traced

back to the Schlömann mechanism [38]. A micrometer scale

H-shaped Permalloy microstructure [Fig. 1(b)] was placed

onto a much wider signal line of a coplanar waveguide (CPW)

connected to a microwave source. The sample was biased by a

uniform in-plane static magnetic field HB. Due to the effect of

the magnetic shape anisotropy [1], different sample regions

had different magnetic resonance frequencies. Tuning the

microwave frequency of the virtually uniform magnetic field

from the CPW to these resonances could, therefore, be used

to selectively excite magnetization precession in particular

sample regions. At the boundaries between resonating and

nonresonating regions of the sample (i.e., the T junctions

between the different straight parts of the microstructure), the

resonantly excited magnetization acted as a magnonic source.

Indeed, the broken translational symmetry at the T junctions

effectively enabled the (otherwise forbidden) coupling of the

microwave electromagnetic field to propagating spin waves of

at least three orders of magnitude shorter wavelength. The

frequency of the excited spin waves was equal to that of

the excitation microwave field, while their wave vector was

dictated by the dispersion relation of magnetostatic spin waves,

as expected at the micrometer length scales in Permalloy

[1,19–23]. The spin waves were imaged by TRSKM near

one of the T junctions, as shown schematically in Fig. 1(b).

By combining images acquired for different phases of the
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FIG. 1. (Color online) A schematic of the TRSKM experiment.

(a) The Permalloy microstructures are mounted on top of the CPW,

producing a microwave magnetic field h. The scanned optical probe

is used to measure the out-of-plane component of the magnetization

via the polar Kerr effect. (b) The sample is shown, together with a

representative time-resolved Kerr signal acquired in experiments with

pulsed excitation and its Fourier spectrum (top inset). In experiments

with cw excitation, Kerr images of the spin waves in the highlighted

region were acquired at eight time delays, shown by the red points

on one cycle of the continuous wave (cw) microwave pump (bottom

inset). The frequency f of the microwave is equal to that of the

Fourier peak from the top inset. The bias magnetic field HB is applied

at different angles α relative to the horizontal symmetry axis of the

microstructure.

microwave excitation field [bottom inset of Fig. 1(b)], movies

of the propagating spin waves were composed. Prior to the

imaging experiments, the resonant frequencies of the different

parts of the sample were determined by Fourier transforming

the TRSKM signals acquired for a fixed position of the laser

spot [top inset of Fig. 1(b)].

The characteristic TRSKM snapshots of the propagating

spin waves, together with corresponding micromagnetic sim-

ulations, are presented in Fig. 2 for different orientations

of the bias magnetic field of 500 Oe [39]. When the bias

field is applied symmetrically, parallel to the “leg” of the T

junction, the excited spin waves are observed to split equally

between the two junction “arms” [Fig. 2(a)]. The phase fronts

are somewhat tilted relative to the symmetry axis. When the

bias magnetic field is rotated from the symmetry axis by

just ±15◦, we observe only one spin-wave beam propagating

into one of the arms [Figs. 2(b) and 2(c)]. The direction

of the propagation is “switched” between the two arms by

the sign of the tilt angle. In each case, the spin-wave beam

propagates at an oblique angle to the arm’s axis, hits its

edge, and is reflected into a much broader beam, propagating

approximately along the arm’s length. Thereby, the sample

behaves as a magnetostatic spin-wave multiplexor, i.e., as the

one from Ref. [15], which is, however, controlled by a small

rotation of the applied uniform rather than local magnetic

field. In contrast to Ref. [15], the mechanism of spin-wave

steering presented here does not require passing an electrical

current underneath one of the waveguides. We also note that,

apart from the local current control established in Ref. [15]

and the global magnetic field control discussed here, the

nonuniformity of the effective magnetic field required for the

graded magnonic index functionality could be generated by

a switchable microscale magnet [40] or by locally modifying

the composition of the waveguide [41]. Moreover, albeit not

FIG. 2. (Color online) Snapshots of spin waves propagating in

the arms of the Permalloy T junction. The bias magnetic field HB =

500 Oe is applied parallel (a) and at angles of α = −15◦ (b) and α =

+15◦ (c) relative to the leg of the junction (i.e., horizontal symmetry

axis from Fig. 1). In each case, the top and bottom panels show results

of the TRSKM imaging and micromagnetic simulations, respectively.

The frequency of the cw pump was 8.24 GHz for experiments, while

for simulations it was 7.62 GHz in (a) and 7.52 GHz in (b) and (c).

The difference in the frequency values is due to inevitable differences

between the measured and simulated samples.

demonstrated here, the magnetic configurations required for

steering spin waves in a particular direction could be, at least in

principle, created by exploiting hysteresis in suitable magnetic

structures, indeed paving the way to reconfigurable magnonic

waveguiding [3].

The experiments and simulations consistently reveal that

the phase fronts in the incident and scattered beams are both

significantly tilted relative to the direction of propagation.

Together with the difference in the incidence and reflection

angles, the tilt of the phase fronts suggests the effect of

the highly anisotropic dispersion inherent to magnetostatic

waves [1,23,31–34]. Hence, we interpret our observations in

terms of the spatial distributions of the orientations of the

magnetization and the value of the internal magnetic field,

which determine the local axis and strength of the dispersion’s

anisotropy. Based on the convincing agreement between the

measured and numerically simulated results, we have applied

the theory from Ref. [23] to the numerically computed static

magnetization and field distributions [Fig. 3(a)] so as to derive

the local directions of the wave vectors and group velocities

of the propagating spin waves [Fig. 3(d)], as schematically

illustrated in Figs. 3(b) and 3(c).
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FIG. 3. (Color online) Spin waves in an asymmetrically mag-

netized Permalloy T junction. (a) The calculated distributions of

the static magnetization (arrows) and the projection of the internal

magnetic field onto the magnetization (color scale) are shown for

the magnetic field of HB = 500 Oe applied at 15◦ to the vertical

symmetry axis. Each arrow represents the average of 5 × 5 mesh cells.

(b) kx spectra of the dynamic magnetization distributions across the

leg [gray line in (a)] and along the arms [blue line in (a), amplified ×5]

of the T junction excited at 7.52 GHz are shown by the gray and

blue curves, respectively. The kx value of 0.94 µm−1, indicated by a

dashed line, corresponds to maximum spin-wave Fourier amplitude.

(c) A construction illustrating the extraction of the group velocities of

the incident (index “i”) and reflected (index “r”) beams is shown for

the white boxed pixel in (a). For the specific kx value of 0.94 µm−1

[which is indicated by the vertical dashed lines here and in (b)], the

group velocities are perpendicular to the characteristic isofrequency

curves (purple). The ky value is given by the crossing of the dashed

line and the isofrequency curve. Here and in (b), the region shaded

yellow has the same size and represents the range of forbidden kx

values, as calculated for the white boxed pixel and for pixels on the

gray line in (a), respectively. (d) The extracted directional unit vectors

of the group velocities v̂ and wave vectors k̂ are shown for kx values

shown by the vertical dashed lines in (b) and (c).

The precessing magnetization in the leg of the T junction

is confined to its width, which results in a broad spectrum

of the kx projection of the magnonic in-plane wave vector

[Fig. 3(b)]. Then, for each kx value, the isofrequency curve

corresponding to the excitation frequency returns an allowed

(by the magnetostatic dispersion relation) value of ky , while

the normal to the isofrequency curve shows the direction of the

group velocity [Fig. 3(c)] [23–26]. The uniformity of the field

and magnetization distributions in the arms along the x axis

(starting from about 1 µm from the leg-arm boundary) ensures

conservation of the kx value of the spin wave propagating

across the arm’s width. In contrast, the values of ky and the

group velocity adjust adiabatically according to the variation of

the internal field magnitude and direction of the magnetization

across the arm’s width. The nonuniformity also leads to a

distributed partial reflection of the spin-wave amplitude. The

directions of the incident and reflected waves are given by

plots similar to that shown in Fig. 3(c), but constructed for

local values of the internal magnetic field and directions of the

magnetization, while the strengths of the reflections are given

by the speed of their variation. The resulting wave field is then

given by the superposition of the incident wave and the partial

scattered waves.

In the specific case considered here, the magnonic wave

vectors form large (often close to 90◦) angles relative to

the local directions of the magnetization. This corresponds

to the Damon-Eshbach magnetostatic surface wave geome-

try [1,21,22]. The corresponding characteristic isofrequency

curves are depicted in Fig. 3(c). Apart from the small region at

small wave vectors, the curve consists of nearly straight lines.

This leads to the virtually same direction of the magnonic

group velocity for a wide range of wave vectors, giving rise

to the formation of spin-wave caustic beams [24,26]. This

explains our observation of the strongly directional beam

emitted from the leg-arm boundary (but not the absence of

the other beam). Due to the inhomogeneities of the internal

field and magnetization [Fig. 3(a)], the beam curves slightly

[42–45] and experiences distributed scattering, with the group

velocities of the scattered waves being roughly aligned with

the arm’s length [Fig. 3(d)]. The distributed character of the

scattering is evident from the fact that the group velocity of

the reflected beam switches direction near the far edge of the

arm [Fig. 3(d)], leading to the phenomenon of “back reflection”

[23]. Furthermore, the reflected beam does not have the charac-

teristic focused character inherent to caustics since its direction

of propagation is dictated by the lateral confinement within

the arm’s width rather than by the anisotropic dispersion. As

the group velocity is neither parallel nor perpendicular to the

magnetization in the arm (in which case the group and phase

velocities would be collinear), the phase fronts are tilted, again

as dictated by the construction in Fig. 3(c). The latter effect also

explains the tilted phase fronts observed in Fig. 2(a) and the

asymmetry of the kx spectrum of the magnetization distribution

in the leg of the sample [Fig. 3(b)].

The magnetostatic dispersion relation forbids the excitation

of Damon-Eshbach spin waves with small kx values, as

schematically illustrated in Figs. 3(b) and 3(c). This is partly

(but not solely) responsible for the absence of the spin-wave

propagation into the left arm of the sample, as the majority of

the spectral amplitude for negative kx values is concentrated

in the “forbidden range” [Fig. 3(b)]. In addition, and quite

surprisingly, we find that the beam formed from spin waves in

the “allowed” range of negative kx values cannot possibly

propagate into the left arm of the junction either. Indeed,

the beam is curved into the nearest edge of the left arm,

from which it is then scattered backwards into the right arm

[39]. This complete disappearance of one of the beams in

favor of the other one is in striking contrast to the bare

tilting of magnetostatic spin-wave caustic beams observed
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in large patches of uniform yttrium-iron-garnet (YIG) in

Ref. [26].

Our results of imaging experiments and micromagnetic

simulations demonstrate the efficiency of steering magne-

tostatic spin waves in networks of magnonic waveguides

controlled by the external magnetic field. In line with the

concept of graded-index magnonics, the externally controlled

nonuniformity of the magnetization and internal magnetic

field distributions play the key role in defining the spatial

variation of the magnonic dispersion and thereby the direction

of the spin-wave propagation. However, we note that the

anisotropy of the magnetostatic spin-wave dispersion is only

present at micrometer to millimeter length scales, impeding

miniaturization of any magnonic devices that would exploit

this effect. Yet, the nonuniformity of the internal magnetic

field and the magnetization persists to much shorter length

scales and could still lead to useful device concepts [10–13,46].

Moreover, on the nanometer length scales, the nonuniform

exchange field (completely neglected here) becomes more

important and could therefore be exploited [14,47,48], while

additional opportunities arise from the use of the highly

localized magnetic field due to magnetic domain walls [49,50].

At the same time, the micrometer to millimeter scale (e.g.,

YIG-based) magnonic devices should still find application in

microwave signal processing. The main challenge of graded-

index magnonics is that the configurations of the internal

magnetic field and the static magnetization in magnetic nano-

and microstructures are not arbitrary, but are determined by

the magnetostatic Maxwell equations. This limits the range of

magnetic configurations that could be exploited. The search

for such configurations, which could be stabilized by the

sample’s shape [3,8,17,20,27], application of nonuniform

external magnetic field [15], or perhaps local engineering of the

magnetic material properties [5], represents a broad research

topic on its own.

In conclusion, we have demonstrated how the nonuni-

formity of the internal magnetic field and magnetization in

networks of magnonic waveguides can be used to steer the

propagation of magnetostatic spin waves. The character of

the nonuniformity can be tuned (and potentially programmed

[2,3]) using the applied magnetic field. We speculate that our

findings may trigger development of technology based on the

principles of graded-index magnonics.
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